In the present study, we have devised a novel yeastbased random screening approach to identify amino acids that are important for channel gating, screening the entire coding sequence for channels that open in the absence of G␤␥ subunits. Using this approach, we Rona Sadja, Karine Smadja, Noga Alagem, and Eitan Reuveny* Department of Biological Chemistry Weizmann Institute of Science Rehovot, 76100 Israel found that amino acid residues in the second transmembrane domain, TM2, affect channel gating and are thus likely to be involved in the activation gating rearrangement. Activities of some of the channel mutants Summary were completely independent of receptor stimulation or the availability of free G␤␥ subunits. Interestingly, the G protein-coupled inwardly rectifying potassium channels, GIRK/Kir3.x, are gated by the G␤␥ subunits of the activity of the channel mutant still depended on the availability of PtdIns(4,5)P 2 . The mechanism by which G protein. The molecular mechanism of gating was investigated by employing a novel yeast-based ranthese mutations bypass G protein gating of the channel may be to adopt a constitutive open conformation that dom mutagenesis approach that selected for channel mutants that are active in the absence of G␤␥. Mutainvolves reorientation of the second transmembrane domain. These results seem to provide a mechanism for tions in TM2 were found that mimicked the G␤␥-activated state. The activity of these channel mutants was channel gating that resembles the gating mechanism seen in a bacterial potassium channel, KcsA (Perozo et independent of receptor stimulation and of the availability of heterologously expressed G␤␥ subunits but al., 1999), thus suggesting evolutionary conservation of the gating structure in potassium channels possessing depended on PtdIns(4,5)P 2 . The results suggest that the TM2 region plays a key role in channel gating foltwo transmembrane domains. lowing G␤␥ binding in a phospholipid-dependent manner. This mechanism of gating in inwardly rectifying Results K ؉ channels may be similar to the involvement of the homologous region in prokaryotic KcsA potassium Random Mutagenesis Screen for G␤␥-channel and, thus, suggests evolutionary conservation Independent Channel Mutants of the gating structure.
proved to be obligatory for supporting growth in low K ϩ concentration, indicating that the mutant channels functionally express in this yeast strain.
Functional Expression of Channel Mutants in Xenopus Oocytes
In order to finally determine the functional impact of the mutations and to assess the ability of these mutants to gate in response to receptor activation, we coexpressed them with the m2 muscarinic receptor (m2R) in Xenopus oocytes (Reuveny et al., 1994), where, unlike in yeast, the native G␤␥ is compatible with Kir3.x channels. Out of the five parent mutant types isolated by the yeast screen, four expressed sufficiently well in oocytes to be characterized. We decided to directly characterize constitutive channel activity based on receptor-activated gating rather than relying on basal activity in Xenopus oocytes. This is because we do not expect the channel to have any basal activity in yeast due to the inhibitory action of the yeast G␤␥ (Peng et al., 2000) , and therefore, rescue of the yeast phenotype is allowed only when the mutant channel displays G␤␥-independent activity. We therefore expect that the wild-type channel will have no basal activity in the yeast, and mutants with even a small amount of G␤␥-independent activity will allow sufficient K ϩ flux, rendering yeast survival on low K ϩ -containing media. In contrast, basal channel activity in oocytes depends on free G␤␥ levels. When testing the parent mutants type 2, type 3, type 4, and type 5, they display a smaller fold increase in in- fold induction by 3 M carbachol (in parentheses) were as follows: for type 1 mutations, F181S (2.86 Ϯ 0.11), N220D (2.42 Ϯ 0.27); type 2 mutations, G58A (1.74 Ϯ 0.12), C179R (1.07 Ϯ 0.11), Q237L (2.58 Ϯ 0.19), L366P substitutions randomly distributed in the coding sequence, was constructed (Leung et al., 1989) and not examined; type 3 mutations were divided into the following chimeras with the multiple mutant combinascreened for its ability to support yeast growth in low K ϩ (2 mM). Nineteen independent clones were isolated, tions F8L, T17P, and K41E (2.93 Ϯ 0.21), K79E, T89S, and S170P (1.25 Ϯ 0.09), and I331T, I372V, R409S, and based upon survival in low K ϩ . These clones were sequenced and were grouped into five families or "parent K476E (1.53 Ϯ 0.12); type 4 mutations V38E (2.32 Ϯ 0.17), Q165L (3.12 Ϯ 0.14), and the chimera containing mutant types" that had common mutations appearing together (Table 1) . Suppression of channel protein ex-F255L, L366P, M458V, and S464G (1.61 Ϯ 0.08); type 5 mutations V93A (3.45 Ϯ 0.51), I138V, and I182T (1.93 Ϯ pression ( Figure 1B) (Mumberg et al., 1994) by the inclusion of methionine in the media abolished the ability of 0.18), S197G was not investigated. These results suggest that some of the mutations in the TM2 domain are the mutants to grow on low K ϩ ( Figure 1C) . Thus, in all cases, the presence of the expressed mutant channels responsible for the constitutively active phenotype of Type 1  Type 1a  Type 2  Type 3  Type 3a  Type 3b  Type 4  Type 4a  Type 5   S62G  S62G  G58A  F8L  F8L  F8L  V38E  V38E  V93A  D77A  D77A  C179R  T17P  T17P  T17P  Q165L  Q165L  I138V  F181S  F181S  Q237L  K41E  K41E  K41E  F255L  F255L  I182T  N220D  N220D  L366P  K79E  K79E  K79E  L366P  L366P  S197G  T89S  T89S  T89S  M458V  M458V  S170P  S170P  S170P  S464G  S464G  I331T  I331T  I331T  These mutations appeared  C53G  I372V  M458V The mutant types were classified into five parent groups based on the appearance of specific mutations along the Kir3.1(F137S) channel. In addition, information regarding the frequency of appearances is provided. Some of the mutant types had additional point mutations and therefore were classfied as subtype, e.g., 1a, 3a, 3b, and 4a.
the channel seen in the parent mutants. When the corre-
Additional Mutations that Affect Channels Gating
We further characterized the effect on gating of the sponding single mutations in the TM2 domain were introduced into Kir3.1(F137S) background, some showed S170/S176 and C179/C185 positions in the Kir3.1/Kir3.4 channel context. To do this, we introduced mutations constitutive channel activity. Specifically S170P, C179R, and I182T exhibited this phenotype ( Figures 2D and 2E) .
at these two locations in order to change the amino acid identities to ones found at analogous positions in Kir2.1. In addition, from quantitative Western blot analysis, it is apparent that the TM2 mutations do not affect the In contrast to the high basal activity and the m2R-independent channel activity of the proline mutation at S170/ efficiency or level of expression of the channel protein in Xenopus oocytes ( Figure 2F ). These results suggest S176 position [Kir3.1(S170P)/Kir3.4(S176P)], a mutation at this site to cysteine [Kir3.1(S170C)/Kir3.4(S176C)], the that some of the mutations in the TM2 domain are responsible for the constitutively active phenotype of the analogous residue in Kir2.1, retained the wild-type ability to be activated by receptor stimulation ( Figure 3E Figures 3A-3E ). Since the mugate by m2R stimulation. As shown in Figure 4A , basal activity of these mutants varies and is not correlated tated amino acids identified in this screen are mostly identical among all mammalian Kir3.x channels, the simiwith their ability to gate by m2R stimulation. We thus compared their ability to be activated by m2R stimulalarity in the gating behavior of the mutations in the Kir3.1(F137S) and in the Kir3.1/Kir3.4 heteromultimeric tion in relation to the nature of the side chains in these positions. Mutating these positions to serine, alanine, channels is not surprising. It is also interesting to note that the basal channel activity (in 90 K solution) of these glycine, glutamate, glutamine, asparagine, aspartate, methionine, or lysine rendered the channel constitutively mutants in the heteromultimeric context is not correlated with their impaired gating by receptor stimulaactive as it did with the arginine substitution that was discovered in the screen ( Figure 4A ). In contrast, mutattion. For example, for the Kir3.1/Kir3.4, Kir3.1(S170P)/ Kir3.4(S176P), and Kir3.1(C179R)/Kir3.4 (C185R) chaning this position to histidine, threonine, leucine, isoleucine, proline, or valine did not change the ability of the nels, the basal activity recorded from the same batch of oocytes was 4.9 Ϯ 0.4, 29.8 Ϯ 1.1, and 1.5 Ϯ 0.1 A, channel to gate by receptor stimulation ( Figure 4A ). Mutating these residues to amino acids with an aromatic respectively ( Figure 3E , inset). side chain such as tyrosine, phenylalanine, or tryptosiveness to G␤␥. Experiments were designed to test whether the impairment of the m2R-stimulated response phan resulted in channel with no functional expression. These results suggest that the constitutive activity occaused by the mutations occurred as a result of a reduced responsiveness to G␤␥ released from activated curs when the side chain at position Kir3.1(C179)/ Kir3.4(C185) is either small (glycine and alanine) or is receptors (He et al., 1999) or else due to indirect effect on one of the G␤␥ binding sites. Therefore, we tested flexible enough (arginine, glutamate, glutamine, aspartate, asparagine, lysine, or methionine) to accommodate the ability of heterologously expressed G␤1␥2 to activate the channel mutants (Reuveny et al., 1994). As with a rotameric conformation parallel to the ␣ helix axis, which reduces projection away from the ␣ helix backthe case of m2R stimulation of the mutants, G␤1␥2 was unable to further increase the activity of the mutants bone (see Discussion).
identified in this screen ( Figure 3E ). In addition, reducing the availability of the G␤␥ subunits by coexpressing G␣s Effects of G␤␥ and PtdIns(4,5)P 2 on Mutant Channel Activity or G␣i2 (Lim et al., 1995) did not reduce the activity of the mutant channels, ruling out an increase in the affinity The simplest interpretation of the loss of m2R stimulation of the channel mutants is that they lost their responfor free cellular G␤␥ ( Figure 3E ). These results argue that the constitutive activity seen with the mutant channels Single-Channel Analysis Since the effect of the mutations was to impair channel was independent of the availability of the G␤␥ subunits.
In order to more precisely define where in the gating gating by G␤␥ subunits, we carried out single-channel recordings intended to identify the gating states that pathway the identified mutants affect channel activation, we designed an experiment to test whether another are affected. Cell-attached recordings from oocytes expressing only Kir3.1/Kir3.4 display very charactercomponent of gating is affected by these mutations. Since it has been found that phosphatidylinositol-4, istic single-channel activity ( Figure 6A ), with flickery openings separated by long closures. In contrast, when 5-bisphosphate [PtdIns(4,5)P 2 ] is an essential component for gating (Huang et al., 1998; Sui et al., 1998), we the Kir3.1/Kir3.4 heteromultimeric channel is coexpressed with G␤1␥2, channel activity is mainly charactested whether two of the mutant channels depend on PtdIns(4,5)P 2 for activity. We recorded channel activity terized by bursts with a mean burst duration of 133 ms, with the longest mean open time within the bursts of from inside-out excised patches and exposed them to the PtdIns(4,5)P 2 antibody. Both Kir3.1(S170P)/ 6.5 ms ( Figure 6A ). In contrast to the wild-type channel, when either Kir3.1(S170P)/Kir3.4(S176P) or Kir3.1(C179A)/ Kir3.4(S176P) and Kir3.1(C179A)/Kir3.4(C185A) were sensitive to the PtdIns(4,5)P 2 antibody, displaying similar Kir3.4(C185A) are expressed in the absence of added G␤␥ subunits, single-channel gating kinetics are mainly rates of current decay as the wild-type channel (Figure 5) (Zhang et al., 1999) . The wild-type Kir3.1/Kir3.4 characterized by frequent bursting behavior with a mean bursting duration of 299 and 605 ms, respectively. The channel was 50% reduced within 10.8 Ϯ 1.8 s, and the Kir3.1(S170P)/Kir3.4(S176P) and Kir3.1(C179A)/ large increase in the mean bursting duration is the main reason why the probability of opening of Kir3.1(S170P)/ Kir3.4(C185A) channels were reduced within 11.8 Ϯ 6.2 and 12.3 Ϯ 1.9 s, respectively. These results indicate Kir3.4(S176P) is increased ‫-5ف‬fold ( Figure 6C ). Both mutant channels also display moderate increases in the that the mutant channels do not lose their requirement for PtdIns(4,5)P 2 as a cofactor for channel gating and longest single-channel mean open time within the bursts, to 11.7 Ϯ 0.1 ms for Kir3.1(S170P)/Kir3.4(S176P) that the affinity of PtdIns(4,5)P 2 to the channel is not grossly altered. These results suggest that PtdIns(4,5)P 2 and 13.3 Ϯ 0.02 ms for Kir3.1(C179A)/Kir3.4(C185A), compared to the wild-type channel expressed with and G␤␥ open channels via different mechanisms. How can we understand the effect of the proline subtransmembrane domain. The structural and mechanistic implication of these mutations for channel function is stitution in the middle of the TM2 domain? Mutations at Kir3.1(S170)/Kir3.4(S176) to proline but not cysteine, the explored below.
Our findings can be summarized as follows: (1) mutacorresponding residue in Kir2.1, eliminated the channel's ability to gate in response to receptor stimulation. tions at two amino acid positions, in the middle and internal end of the TM2 domain, made channels conIt has been shown previously that the presence of a proline in the middle of an ␣ helix may create a kink in stitutively active in the absence of G␤␥ and reduced the responsiveness to receptor stimulation and to overexthe helical structure of about 26Њ (Barlow and Thornton, 1988), probably due to proline's inability to form intermopression of G␤␥ subunits. (2) Single-channel recordings showed that these mutations increase the probability of lecular hydrogen bonds (Williams and Deber, 1991) and due to the steric constraint imposed by the side chain channel opening and that they do so in two ways, partially by increasing open times within bursts, but mainly by pyrrolidine ring (Hurley et al., 1992). Since it is thought that the TM2 domain in inwardly rectifying K ϩ channels increasing burst duration (Figures 6C and 6D) . , it is possible that the proline mutation G␤␥, but did respond to another activator, PtdIns(4,5)P 2 .
The channel has two known types of gating transiinduces a kink that forces the helix into the activated conformation. To examine this idea, we aligned and entions: flickery gating and bursting gating (Ivanova-Nikolova et al., 1998; Yakubovich et al., 2000), which may ergetically minimized the Kir3.1 TM2 helix structure with and without the proline substitution based on the solved reflect the activity of two distinct molecular gates, as proposed recently for the activation gating mechanism structure of KcsA (Doyle et al., 1998) and calculated the helical bend of the wild-type and proline mutant of the 6-TM voltage-gated Shaker K ϩ channel (Zheng and Sigworth, 1998). We find that both gating modes segments. These calculations reveal that the bend of the wild-type ␣ helix backbone has a maximum bending are affected by the TM2 mutations, although the larger effect is on bursting. This may be most simply underangle of about 6Њ, whereas the Kir3.1(S170P)/Kir3.4 (Figure 7) . Based on this modeling, we propose that G␤␥ activation induces a conformational change in site, we mutated this site in both Kir3.1 and Kir3.4 to all naturally occurring amino acids. We considered the the TM2 domain that permits the bursting gate to open and that the proline in the middle of TM2 stabilizes the character of the mutations that reduced receptor stimulated activity in this site and found no logical pattern activated conformation. It is interesting, in this regard, to note the presence of two conserved glycine residues when considering polarity or charge. However, it seems that the size of the side chain at this position may be in TM2. It has been shown before that the presence of glycine residues in transmembrane ␣ helices can incritical for channel gating. All of the mutations at this site that result in a decrease in receptor activation have crease ␣-helical flexibility (Chakrabartty et al., 1991; Li and Deber, 1992). Thus, a TM2 conformational change a side chain smaller than the wild-type cysteine side chain, with the exception of the arginine substitution that activates the bursting gate may be aided by the presence of the two glycine residues, one of which is that was originally discovered in the screen as well as lysine, methionine, glutamate, glutamine, aspartate, and adjacent to Kir3.1(S170)/Kir3.4(S176) and one of which is adjacent to the Kir3.1(C179)/Kir3.4(C185) position. Imasparagine. In these exceptional cases, we considered the possibility that the extrusion of the side chain perportantly, the proline substitution in TM2 did not change the selectivity or the degree of rectification, indicating pendicular to the TM2 helix axis may also be small when it adopts the rotamer conformation that is approximately that although channel opening was affected, the open conformation of the pore was not (data not shown).
parallel to the ␣ helix axis ( Figure 4B ). The ability of the arginine side chain to adopt a compact rotamer Based on all of these observations above, we propose that the mutation at position Kir3.1(S170)/Kir3.4(S176) conformation is possible due to the flexibility of the three methylene carbons in the arginine side chain, for to proline alters the helical structure of the TM2 region in a way that renders the channel constitutively open/ example, as seen in cytochrome P450 enzymes (Oprea G␤␥-independent inwardly rectifying K ϩ channels (Sui et al., 1999). This suggests that this inner end of TM2 is specialized for switching between the deactivated/ closed and activated/open conformations, while favoring the former. Altogether, our results are consistent with the channel having two gates, a "slow" bursting gate, which is located in, or is tightly associated with TM2, and a "fast" flickering gate, responsible for the fast closings and openings of the channel within the bursts, which is located elsewhere in the protein, but is coupled to the bursting gate. Recent evidence from another inwardly rectifying K ϩ channel, Kir2.1, points toward the involvement of the selectivity filter region in the fast gating behavior of the channel (Guo and Kubo, 1998 
